To obtain cDNAs encoding oxidosqualene cyclase (OSC), we cloned two cDNAs, KcCAS and RsCAS, from roots of Kandelia candel (L.) Druce and leaves of Rhizophora stylosa Griff. by homology based PCR method respectively. The deduced amino acid sequences of both OSCs showed 82% homology to cycloartenol synthases from Lotus japonicus (OSC5) and Ricinus cummunis (RcCAS), suggesting that these are cycloartenol synthases of K. candel and R. stylosa. The genes obtained were expressed in a lanosterol synthase deficient Saccharomyces cerevisiae (ERG7) strain, GIL77. GC-MS analysis identified the accumulated reaction product in the yeast transformant to be cycloartenol, indicating that both KcCAS and RsCAS encode cycloartenol synthase.
Phytosterol and terpenoids are common chemical constituents in mangroves and higher plants, 1) and their biological activities have attracted the attention of many investigators. For example, stigmasterol, abundantly present in Acanthus illicifolius, has been found to have hypercholesterolemic effects.
2) Avicennia officinalis produces pharmacologically important steroidal saponin and sapogenins. 3) More than 100 different triterpene skeletons from higher plants have been described. They are elaborated from common precursor 2,3-oxidosqualene via oxidosqualene cyclases (OSCs), which diverge in the cyclization of this substrate into either steroid cycloartenol and lanosterol or a variety of triterpenoids. Thus OSC family members of cycloartenol synthase (CAS) and lanosterol synthase (LAS) are responsible for sterol biosynthesis, and other OSCs for triterpene synthesis.
A number of plant OSCs responsible for plant sterol have been cloned and their functions have been confirmed by expression in yeast, including CAS from dicotyledenous (dicot) and monocotyledous (monocot) plants [4] [5] [6] [7] [8] [9] and plant LAS. 10, 11) Cycloartenol and lanosterol are important membrane constituents that can serve as precursors to steroid hormones. 12) Although phytosterols are ubiquitous and indispensable components of cell membrane, their physiological functions in mangrove plants are still unclear. Our previous report showed that membrane lipid (terpenoids and phytosterols) appeared to play a vital role in the adaptation of mangrove to salt tolerance.
13) It therefore became necessary to know the DNA sequence of OSC from mangrove to investigate its expression and the regulation mechanism. However, the genes encoding OSC responsible for phytosterol biosynthesis have not been cloned from mangrove species, although OSC of multifunctional triterpene synthase has been successfully cloned from Kandelia candel. 14) Here we report the first cloning of cycloartenol synthases from Rhizophora stylosa and K. candel (Rhizophoraceae), which are commonly distributed in Okinawa Island, Japan.
RsCAS and KcCAS clones respectively were obtained by a homology based PCR method from roots of K. candel and leaves of R. stylosa, as described previously. 14) Because the effect of salt stress was most marked in the lipid profile of the root of K. candel in our previous study, cDNA was prepared from the root in the case of this plant. Based on the sequences of RsCAS and KcCAS, specific primers for each clone were designed to sequence 3 0 and 5 0 end amplification. The rapid amplification of cDNA ends (RACE) PCRs methods 15) were applied with minor modifications. The full-length cDNAs for KcCAS and RsCAS were amplified using Nterminal and C-terminal primers with specific restriction enzyme sites at each end, as follows: Kpn-KcCAS-N1 (5 0 -AGAAGGTACCATGTGGCGGCTCAAGATTGC-3 0 ; KpnI site underlined), Xho-KcCAS-C1 (5 0 -CCAA-CTCGAGTCAAGAAGCCTGCAACACCC-3 0 ; XhoI site underlined) and Kpn-RsCAS-N1 (5 0 -GAGAGGTACC-ATGTGGAGGCTCAAGATTGC-3 0 ; KpnI site underlined), Xho-RsCAS-C1 (5 0 -CCAACTCGAGTCAAGAA-GCCTGCAACACCC-3 0 ; XhoI site underlined). Lengths of resulting PCR products (2.3 kb) were digested with the restriction enzyme sites and ligated into corresponding cloning sites of pYES2 (Invitrogen, Carlsbad, CA, USA) to construct plasmid OSC-pYES2-KcCAS or OSC-pYES2-RcCAS. The identity of the inserted DNA was confirmed by sequencing. The plasmid was introduced into Saccharomyces cerevisiae strain GIL77 (gal2 hem3-6 erg7 ura3-167) lacking lanosterol synthase activity, as described previously.
14)
The open reading frame (ORF) of both KcCAS and RsCAS consisted of 2,277 bp, encoding 758 amino acids residues containing the consensus sequences of five QW motif 16) and a DCTAE motif 17) for cycloartenol synthase (Fig. 1) . The deduced amino acid sequence of both clones showed the highest homology, of 82%, to the Lotus japonicus cycloartenol synthase (OSC5) 6) and Ricinus communis cycloartenol synthase (RcCAS), 7) suggesting that KcCAS and RsCAS cDNAs encode cycloartenol synthase.
In order to verify the enzymatic identities of KcCAS and RsCAS, functional expression in yeast of these genes was conducted. The cycloartenols produced in the mutant yeast were isolated by thin layer chromatography (TLC), as described previously, 14) and were analyzed by GC-MS. Introduction of the pYES2-RsCAS gene into GIL77 cells resulted in the production of distinct new sterols with the same mobility (R f value) as the cycloartenol standard on TLC, along with several minor spots that did not occur in the control transformant of the vehicle vector. This observation agrees with a previous report, in that cycloartenol was metabolized into ergosterol in a transformant yeast strain 18) with some cycloartenol metabolites on the way to ergosterol. 5, [7] [8] [9] Lipid extract from the new and largest spot was analyzed by GC-MS. A total ion chromatogram (TIC) DCTAE motif, QW motifs, and important amino acid residues of Tyr411, His478, and Ile482 are indicated by Ã, , and respectively. Identical amino acid residues in the two proteins are shaded. of pYES2-RsCAS transformant gave a single product peak with the same retention time as authentic cycloartenol ( Fig. 2A) . The MS-spectrum of this peak further confirmed this identification (Fig. 2B) . Application of a similar expression method to pYES2-KcCAS from K. candel also resulted in a single product peak on TIC, but with significantly lower catalytic efficiency than was the case for pYES2-RsCAS, but the retention time and fragmentation pattern were identical to those for pYES2-RsCAS, identifying the chemical structure of the reaction product as cycloartenol (data not shown).
To determine the relationship of KcCAS and RsCAS to other OSCs responsible for phytosterol biosynthetis, phylogenetic analysis was performed. As Fig. 3 shows, KcCAS and RsCAS joined the dicot CAS cluster. As shown there, there were three distinct branches of plant sterols: dicot CAS, monocot CAS, and lanosterol synthases and putative OSC (uncharacterized OSC). The present study indicates that KcCAS and RsCAS form a new branch in the dicot CAS cluster, suggesting that both genes are new members of dicot CAS among plant OSCs.
A number of mutagenesis studies on the role of amino acid residues in cycloartenol synthase (CAS1) have revealed the significance of Tyr410, His477, and Ile481 in the product specificity of cycloartenol. [19] [20] [21] Among these catalytically important amino acid residues, Tyr410 has been found to be the key to the catalytic difference between cycloartenol synthase and lanosterol synthase. 20) The amino acid residues corresponding to Tyr410 for cycloartenol synthase are conserved in both RsCAS and KcCAS (indicated by in Fig. 1 ), reinforcing the catalytic importance of this residue.
Several lines of study indicate that the sterol is a modulator of membrane permeability. 22, 23) Fortification of the cell membrane with sterols appeared to increase the tolerance of external stresses of the organisms. [24] [25] [26] In this context, our in vitro study showed that triterpene, as well as phytosterols, was incorporated into the lipid bilayer of liposome (data not shown), suggesting that terpenoid is also a modulator of membrane permeability. Studies on gene expression of mangrove OSCs under different salt concentrations are in progress, and might give more insight into the physiological roles of phytosterols and terpenoids in mangrove plant species. 
